Preliminary Design of a High Tc Superconducting Persistent Mode Current Switch by Hawley, Christopher J et al.
University of Wollongong 
Research Online 
Faculty of Informatics - Papers (Archive) Faculty of Engineering and Information Sciences 
1-1-2003 
Preliminary Design of a High Tc Superconducting Persistent Mode Current 
Switch 
Christopher J. Hawley 
hawley@uow.edu.au 
Dominic Cuiuri 
University of Wollongong, dominic@uow.edu.au 
Steve Gower 
Follow this and additional works at: https://ro.uow.edu.au/infopapers 
 Part of the Physical Sciences and Mathematics Commons 
Recommended Citation 
Hawley, Christopher J.; Cuiuri, Dominic; and Gower, Steve: Preliminary Design of a High Tc 
Superconducting Persistent Mode Current Switch 2003, 1-6. 
https://ro.uow.edu.au/infopapers/1258 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
Preliminary Design of a High Tc Superconducting Persistent Mode Current Switch 
Abstract 
Persistent Mode Current Switches (PMCS) are made from coils of superconductor that in theory will 
provide zero conduction losses when closed. By causing a section of the superconductor to leave its 
superconducting state and become resistive, the switch is effectively opened. There are currently 3 
methods to open a PMCS; 1) applying heat, 2) applying a magnetic field or 3) application of current above 
the critical current (Ic) of the tape. The first two methods are not suitable for power applications as the 
switching time is too slow. Recent work at the University of Wollongong and in literature has shown that 
by careful design, a switch using High Temperature Superconductors (HTS) and applying a high frequency 
current pulse can potentially achieve a switching time of less than 50μs. 
Keywords 
current, mode, persistent, switch, superconducting, preliminary, tc, high, design 
Disciplines 
Physical Sciences and Mathematics 
Publication Details 
Hawley, CJ, Cuiuri, D & Gower, S, Preliminary Design of a High Tc Superconducting Persistent Mode 
Current Switch, in AUPEC2003, 2003, p 1-6. 
This conference paper is available at Research Online: https://ro.uow.edu.au/infopapers/1258 
PRELIMINARY DESIGN OF A HIGH Tc SUPERCONDUCTING  
PERSISTENT MODE CURRENT SWITCH 
 
 
C.J. Hawley†, D. Cuiuri* and S.A. Gower 
 
School of Electrical, Computer and Telecommunications Engineering,  
University of Wollongong 
 






Persistent Mode Current Switches (PMCS) are made from coils of superconductor that in theory will 
provide zero conduction losses when closed.  By causing a section of the superconductor to leave its 
superconducting state and become resistive, the switch is effectively opened. 
 
There are currently 3 methods to open a PMCS; 1) applying heat, 2) applying a magnetic field or 3) 
application of current above the critical current (Ic) of the tape. The first two methods are not suitable 
for power applications as the switching time is too slow.  Recent work at the University of Wollongong 
and in literature has shown that by careful design, a switch using High Temperature Superconductors 






A PMCS is often used in superconducting 
magnet applications where it is necessary for 
superconducting circulating currents to maintain 
the magnetic field for long periods of time.  
Once the magnetic field is established, a PMCS 
switch is closed and the current circulates with a 
minimum of loss.  The theoretical zero 
conduction loss of the PMCS makes it more 
suitable for this application than conventional 
semiconductor switches. 
 
The same set of requirements is true for 
Superconducting Magnetic Energy Storage 
(SMES) devices.  In this case, the 
superconducting coil is primarily designed to 
store energy not create a magnetic field.  The 
PMCS opens when the source supplying the load 
experiences a fault.  After the switch is opened, 
the superconducting current is redirected to the 
load thereby discharging the stored energy.  
Energy is lost in the PMCS switching but 
because this situation only occurs during a fault 
condition, the PMCS is more efficient overall 
than conventional current switching alternatives 
such as semiconductors. 
 
Previous implementations of PMCS have 
primarily been used in superconducting magnet 
applications where slow switching times are not 
an issue [1][2].  These designs used a small 
heater or a controlled magnetic field to make the 
superconductor return to a resistive state.  
Neither of these methods is able to achieve a 
switching time less than 300ms. 
 
A recent advance in this field has been the use of 
high frequency current pulses to control the 
switch.  This method has been successful in 
achieving switching times of less than 50µs [3] 
making it suitable for use in power applications.  
Previous work relied on Type 1, or metallic, 
superconductors to achieve the switching 
whereas this paper sets out plans for the first 
PMCS using the current control method, and 
constructed from HTS.  Constructing the PMCS 
from HTS will make it more convenient for use 
with other HTS technologies, such as the SMES, 
as a liquid helium cryostat and cryocooler will 
not be needed. 
 
This paper outlines the design of a PMCS that is 
suitable for use in HTS SMES applications.  It 
also examines how improvements in efficiency 
with the PMCS vary with the characteristic of 
the load being supported. 
 
2. SWITCHING TECHNIQUES 
 
Before presenting the design of the test bed for 
the HTS PMCS, it is helpful to discuss the 
methods of switch control.  The expected results 
of such a design can be somewhat predicted by 
observing the results of already implemented 
designs. 
 
2.1 Heater Control 
 
One way to cause a superconducting material to 
become resistive is to heat it to above its critical 
temperature (Tc).  HTS superconductors have a 
Tc of above 77K, but can be operated at lower 
temperatures to increase their critical current.  
One of the first designs for a PMCS was using a 
heater to force the temperature of the 
superconductor to exceed its transition 
temperature.  Many improvements to this 
technique have been made and it is now being 
applied to HTS magnets.  Figure 2.1 is a typical 




Figure 2.1 Heater control of a PMCS [1] 
 
When charging the magnet, the switch is kept 
open by the heater and the power supply (P/S) 
directly charges the magnet.  When the magnet is 
fully charged the power supply and heater are 
switched off.  The PMCS returns to 
superconducting state and the current path 
follows that of the arrow in the Figure 2.1. 
 
During the off state, the PMCS has a voltage of 
2.7V, and the coil is charged at 3A.  The heater 
requires 4A/15.2W of power to heat the PMCS, 
and is able to raise the temperature to 110K in 
60s and the PMCS will return to a temperature of 
20K in 40s [1]. 
 
Reaction/switching times of 40-60s are in no 
way suitable for SMES application, the SMES 
will need to react to power faults within 20ms, 
and hence this method of PMCS control has not 
been used for power quality applications. 
 
2.2  Magnetic Control 
 
The second way to cause a section of 
superconductor to become resistive is by 
applying a large magnetic field to its surface.  
The applied field required to cause a 
superconductor to become resistive varies and 
depends on the critical current of the tape.  Iwate 
University, Japan, completed a project to design 
a PMCS suitable to be used in SMES 
applications and chose the magnetic control 




Figure 2.3 Magnetic control of a PMCS [2] 
 
The magnetic field required to cause the 
superconductor to become resistive was 0.6T, 
however the magnet used to operate the PMCS 
was rated at 0.5H, 50A and 5.5T.  This was 
designed to reduce the switching time by 
increasing the field.  The switch was found to be 
capable of opening in approximately 300ms if 
the magnet was left idling at 0.3T (half the 
critical magnetic field).  The SMES used in the 
More recently (2001), Houston Advanced 
Research Center (HARC) developed a PMCS for 
large-scale (1-3MW / 1-1.5kA) LTS SMES 
applications.  The device was measured to switch 
in as short as 50µs, and attain 20Ω within 50ms 
[3].  The method they used was to apply a single 
sinusoidal pulse 50µs wide. This pulse width 
relates to a frequency of 20kHz, which is greater 
than the skin depth of the sheath around the 
superconducting filaments they used.  Therefore 
the current is penetrating to the filaments and it 
is believed that the pulse is behaving similar to a 
mechanism called flux jumping.  The current is 
forced to redistribute among the filaments and 
the flux flow resistance heats the superconductor 
above the critical temperature [3]. 
project was operating at 4.2K, with an energy 
storage of 625J @ 50A [2]. 
 
This method of controlling the PMCS is a large 
improvement on the heater control, but a 
switching time of 300ms is still too large for 
power quality applications, and the field required 
to reduce the time to a suitable interval is 
impractical. 
 
2.3  Current Control 
 
The third way to cause a superconductor to 
become resistive is by exceeding its critical 
current.  This method provides a fast way of 
switching a PMCS, because the superconducting 
coil will become resistive extremely quickly if a 
high frequency, large current pulse is pulsed 
across the coil [4]. 
 
This method of switching the PMCS is suitable 
for use in the SMES design due to the fast 
response time.  
The current control method used a high 
frequency/current power supply to operate the 
PCMS as shown in Figure 2.3. 
 
3. TEST BED DESIGN 
 
 3.1 Control Circuit 
 
 
The control circuit is designed to test the effect 
of discharging a high frequency current pulse 
into a HTS PMCS coil.  As suggested by Peck in 
his work at HARC, the pulse is generated by a 
controlled discharge of a capacitor through a 











Figure 2.3 Current control of a PMCS [4]  
 Figure 3.1 Experimental control circuit 
A high frequency control current is used as the 
large inductance of the SMES will appear as an 
open circuit. 
 
The supply voltage VDC provides the capacitor 
with the initial charge, and then the switch is 
opened to isolate the supply.  The current supply 
IS simulates the circulation current of the SMES 
through the PMCS. 
 
Kyushu University developed a current 
controlled PMCS in 1996; the PMCS carried 
100A and was able to switch in 20ms causing a 
switch impedance of 50Ω.  They also outlined 
designs for a 1.5kA PMCS, that was predicted to 
switch in 100ms to an impedance greater than 
100Ω [5]. 
 
Varying the values of C and L, as discussed in 
Section 3.2, controls the current pulse.  As the 
PMCS becomes resistive, the current is 
redirected through the low-value shunt 
impedance in parallel with the switch.  
 
3.2 Current Pulse and Flux Jumping  
  
 As previously mentioned in Section 2.3 applying 
a high frequency current pulse creates a magnetic 
field where flux penetrates the superconductor.  
This creates an unstable and non-uniform flux.  
The thermo-magnetic process known as flux 
jumping occurs as the flux redistributes to regain 
equilibrium.  This redistribution causes the 









 Flux jumping can occur in a part of the 
superconductor (known as a local flux jump) or 
depending on the frequency of the pulse it may 
destabilise to a global flux jump (the whole of 
the tape) [6].  For this reason the frequency and 
the amplitude of the current pulse in the test bed 
has been made tuneable, to allow 
experimentation with different pulses and their 
effect. 




4. DESIRED RESULTS 
 
In designing the PMCS and trying to estimate the 
viability of the design and its contribution to the 
efficiency of the SMES, it is helpful to examine 
the expected results that could be achieved from 
the design.  The benchmarks for these results 
have been extracted both from literature and 
preliminary testing.  The two critical 
characteristics of the PMCS are the impedance 
that can be achieved and the length of time that 
the switching time. 
 
The current pulse and the consequent voltage 
discharge across the capacitor can be modelled 
by using Equations (1) and (2), which have been 
gained through analysing the circuit with 























tVtV s cos)( ……….……(2) 
The impedances in previous implementations of 
PMCS as recorded by other researchers all lie in 
the range of 0.1 – 0.5 Ω/m [3][4][5].  Preliminary 
testing of a coil of normalised HTS 
superconductor has given a result of 0.12 Ω/m. 
 
It has been found that the waveforms shown in 
Figures 3.2 and 3.3, achieved experimentally, 
can be predicted quite accurately by the above 
equations. 
 















The opening time of the PMCS can be expected 
to be as fast as 50µs; several implementations 
have proven to switch in < 2ms, and reach full 
impedance within 50ms [3].  These switches 
remained open for up to 300ms, although this 
time could be increased by repetitive pulsing and 
depends on the geometry of the coil. Initial tests 
have shown that the HTS coil can become 
resistive within 200µs. 
 
5. SMES EFFICIENCY 
 
Using the expected results discussed in Section 
4, it is possible to estimate the effect the PMCS 
will have on the efficiency of the SMES.  Thus 
the success of the PMCS can be measured 




against the performance of the SMES system 
without it. 
 
5.1  The Modified SMES Circuit 
 
Before analysing the predicted performance of 
the PMCS it is important to identify its place in 
the SMES system and understand exactly how it 
will contribute to the overall system.  The 
modified circuit for the SMES with the inclusion 
of the PMCS is shown in Figure 5.1. 
 
Figure 5.1 SMES circuit without PMCS 
 
As is indicated in Figure 5.1, without the 
inclusion of the PMCS, the circulation path 
(ICIRC) for the stored current includes two 
semiconductor devices.  When high currents of 
>100A are involved these devices contribute 
significant losses and require the SMES to be 
recharged more often, and its potential energy 
delivery capability is reduced. 
 
However, by including the PMCS, a fully 
superconducting circulation path is provided for 
the stored energy, minimising the static losses, as 
shown in Figure 5.2.  Then when an event 
occurs, the PMCS becomes resistive and the 
energy is discharged to the DC bus. 
 
Figure 5.2 Inclusion of PMCS in SMES circuit  
 
5.2  PMCS Losses 
 
The significant losses introduced by the PMCS 
occur during a mains fault event, when the 
energy is being discharged to the load.  The 
PMCS introduces a resistive element in a system 
that has in this case, or in the case of a 3phase 
415V load, a DC voltage of 600V across it.  
Hence to reduce the losses incurred, the 
impedance of the PMCS must be made as high as 
possible. 
 
Figure 5.3 shows the losses that would be 
incurred across a PMCS, made from a winding 
of 500m of HTS tape for a period of 200ms, 















Figure 5.3 PMCS losses during discharge of the 
SMES coil 
 
5.3  Comparative SMES Efficiency 
 
Once the predicted losses for the PMCS have 
been established, it is possible to compare the 
total losses (circulation + discharge) with those 
of a SMES coil without a PMCS included.  The 
most common way to increase the energy storage 
capability of a SMES coil is to increase the 
current rating (E = ½ LI2).  Figure 5.4 compares 
the losses of the two systems as a function of 
current to indicate increasing storage capacity, 
with the PMCS rated at an impedance of 50Ω (A 
















Figure 5.4 Comparative total losses 
The losses are calculated assuming a SMES 
discharge period of 200ms. The semiconductor 
losses increase with current, assuming properly 
rated devices.   
 
However, it can be observed that the PMCS 
losses do not increase with the size of the SMES, 
hence it becomes more efficient when applied to 
larger loads, and a cut-off point is clearly visible 
where the PMCS becomes beneficial to the 




It has been concluded that by using the current 
control method, a PMCS can be built to suit the 
switching speed and low loss requirements of a 
SMES system.  The preliminary processes of the 
design stage for the PMCS have been discussed, 
including the circuit used to test the sample coils 
of HTS. 
 
To be suitable for use in the SMES system, the 
PMCS will be required to have a resistivity 
greater than 1Ω/m and switch open in less than 
20ms. 
 
The expected results of the PMCS have been 
used to assess the efficiency of the device and 
the projections show that the PMCS becomes 
much more efficient as the size of the SMES 
increases.  However a demonstration of the 
PMCS would still be effective on a SMES 
system with a lower DC bus voltage. 
 
Continued design and construction of the HTS 
PMCS are underway at UoW, with the aim to 
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